A blue light-inducible phosphodiesterase (PDE) activity, specific for the hydrolysis of cyclic di-GMP (c-di-GMP), has been identified in a recombinant protein from Synechococcus elongatus. Blue light (BL) activation is accomplished by a light, oxygen, voltage (LOV) domain, found in plant phototropins and bacterial BL photoreceptors. The genome of S. elongatus contains two genes coding for proteins with LOV domains fused to EAL domains (SL1 and SL2). In both cases, a GGDEF motif is placed in between the LOV and the EAL motifs. Such arrangement is frequently found with diguanylate-cyclase (DGC) functions that form c-di-GMP. Cyclic di-GMP acts as a second messenger molecule regulating biofilm formation in many microbial species. Both enzyme activities modulate the intracellular level of this second messenger, although in most proteins only one of the two enzyme functions is active. Both S. elongatus LOV-GGDEF-EAL proteins were expressed in full length or as truncated proteins. Only the SL2 protein, expressed as a LOV-GGDEF-EAL construct, showed an increase of PDE activity upon BL irradiation, demonstrating this activity for the first time in a LOVdomain protein. Addition of GTP or c-di-GMP did not affect the observed enzymatic activity. In none of the full-length or truncated proteins was a DGC activity detected.
INTRODUCTION
Microbes have developed a remarkable capability to adapt to a broad variety of environmental stimuli based on a relatively simple program of physiological activities. The most prominent responses that microbes have at hand are escape reaction from harmful or toward advantageous environment (in case they are motile), regulation of gene expression causing an increase or decrease of enzymatic activity (e.g. expression of photolyases or production of shielding pigments) (1, 2) or the generation of a biofilm (3) . This latter activity is often found as a response to environmental conditions. The extracellular carbohydrate matrix, into which microbes are incorporated, offers a number of advantageous conditions: a limited diffusion facilitates exchange of nutrients and genetic material, and the extracellular matrix might provide protection against predators compared with living unsheltered (3) .
A major challenge in adjusting metabolic functions is the detection of the external light conditions with respect to the spectral range, intensity and duration. In particular, the quality and quantity of light from the ultraviolet (UV) and blue light (BL) region is most important to detect. Intense UV light causes damage of many biological compounds, and efficient DNArepair systems (photolyases) have evolved (4) . Also BL (around 440 nm) represents a threat to living organisms. This light quality generates triplet states of ubiquitous porphyrins when present in their metal-free form. In turn, porphyrin triplets can form the singlet state of oxygen with a high quantum yield (F of 1 O 2 usually >0.5) and other reactive oxygen species (5) . Detection of BL is chiefly accomplished by flavin-containing BL sensitive photoreceptors (6) . The most abundant class of these receptors in the microbial world are the LOV-domain proteins (7) . These photoreceptors carry a modified PAS domain called LOV domain (light, oxygen, voltage [LOV] ) that holds-in its inactivated state-a noncovalently bound flavin mononucleotide (FMN) chromophore (8) . Upon absorption of light (k max of LOV domains = 445-450 nm), the flavin chromophore becomes transiently covalently bound to the protein through the side chain of a cysteine residue, forming a thio-ether bond to position 4a of the flavin molecule. This state is considered as the signaling state and is detected by a shift of the absorption maximum to ca. 390 nm, a loss of vibrational bands in the absorption spectrum, and a loss of fluorescence. The covalent bond reopens to generate the parent state of the photoreceptor within minutes or, in some proteins, after hours at room temperatures (9) .
LOV-domain proteins are present in many microbial genomes (ca. 12% of fully sequenced bacteria) (8). They show a broad variety of fused signaling domains (7) . The dominant signaling motif is the histidine kinase domain (>40% of all LOV-domain proteins), making this subclass of LOV proteins members of the well-characterized two component system (10) . Nearly one quarter (23%) of LOV proteins carry a GGDEF signaling module, in the majority of cases associated with an EAL domain (GGDEF and EAL refer to guanylate cyclase and phosphodiesterase [PDE] activities, respectively, and indicate conserved, functionally essential sequence motifs). These enzyme functions have been assigned to formation (GGDEF) and degradation (EAL) of cyclic di-GMP (c-di-GMP), an important second messenger molecule involved in the formation of biofilms and other responsive microbial functions (Scheme 1) (11) (12) (13) . GGDEF domains form c-di-GMP from two molecules of GTP via an intermolecular cyclization, whereas EAL domains hydrolyze this molecule. An EAL subclass (phosphodiesterase A, PDEA) generates a linear G-G dinucleotide, whereas another group of phosphodiesterases directly cleaves cdi-GMP into two GMP molecules.
A GGDEF-EAL signaling domain had recently been reported for a red light-sensing photoreceptor protein from the photosynthetic bacterium Rhodobacter sphaeroides (BphG1) (14) . Interestingly, the GGDEF domain of this protein showed no enzymatic activity, whereas the EAL domain was active already in the dark. Light regulation of the GGDEF activity in BphG1 could only be demonstrated after the EAL domain had been cleaved off.
''Genome mining'' revealed several ORFs encoding LOV-GGDEF-EAL domain proteins (7), although many of the putative gene products are multi-domain proteins, rendering a straightforward functional analysis difficult. The simplest combination of domains, LOV-GGDEF-EAL, was identified for the gene product of ORF 0188 from Synechococcus elongatus PCC 7942. This organism contains a second ORF, 1355, encoding a protein also exhibiting LOV-GGDEF-EAL domains, yet in a more complex domain organization. We here present the heterologous expression and functional (photochemical and biochemical) characterization of both gene products upon light activation.
MATERIALS AND METHODS
Cloning, heterologous expression and purification of recombinant proteins. Cyanobacterial cells of S. elongatus PCC 7942 were grown in BG11 medium for 1 week at ambient temperature (20°C). From these cultures, genomic DNA was isolated using the mi-Bacterial Genomic DNA Kit (Metabion, Martinsried, Germany); this material was used for cloning. For a schematic presentation of the various proteins and protein fragments that were generated, see Syn-LOV2 could not be isolated in soluble form, whereas Syn-LOV1 was directly isolated from the lysed E. coli cells (lysis in all cases was performed using an Ultra-Turrax, IKA Staufen, Germany, in liquid nitrogen) by passage of the crude lysate (separated from the cell debris by ultracentrifugation, 368 000 g, 1 h, 4°C) over a Ni + -resin affinity chromatography column (Prochem, USA). Such obtained Syn-LOV1 protein was practically pure and was used for further studies without additional purifications.
2 Truncated proteins. For generation of a protein fragment LOV-GGDEF from Syn-LOV1 (aa 1-310), this part was amplified by PCR from the full-length encoding DNA, using the primers: 0188-forward and 5¢-GGCACCAGAGCGTTTTCGAGACTGAGGT-GACCTTGTTGCTGCG (0188-GGDEF-reverse); The two fragments LOV-GGDEF-EAL (aa 368-929) and LOV-GGDEF (aa 368-660) from Syn-LOV2 were amplified by PCR from the fulllength DNA, using the following primers separately: 5¢-CAG-GGACCCGGTCAGCTTCGTTTGCTCAAAGA (1355-LOV-forward), 1355-reverse; and 1355-LOV-forward, 5¢-GGCACCAGAG-CGTTGGTATACCACTGATAATTATTGCGAC (1355-GGD-EF-reverse). Again, the conserved sequences used for direct cloning into pET52 3C ⁄ LIC are shown in bold. All the truncated proteins are furnished with a C-terminal His 8 -tag. Further procedures, e.g. cell growth, L L-arabinose ⁄ IPTG induction, cell harvest and protein purification were performed in the same way as described for the full-length protein (see above).
Cloning was verified by full-length sequencing of the final constructs. MALDI spectra of purified proteins were measured with an ABI Voyager DE Pro MALDI-TOF, using Sina and DHB as matrix.
Photochemistry and thermally driven reactions. The various LOVdomain-containing recombinant proteins were BL-irradiated as described (15) . Temperature-controlled (20°C) thermal recovery kinetics was followed using a Shimadzu UV-2401PC UV-Vis recording spectrophotometer.
Enzyme activity assay. Cyclic di-GMP was purchased from Biolog (Bremen, Germany); other nucleotides (GTP, GMP and NAD + ) were obtained from Sigma-Aldrich (Munich, Germany). Enzymatic assays were performed at 25°C in a water bath. The standard buffers for both PDE and diguanylate cyclase (DGC) were as follows: 50 mM M Tris-HCl (pH 7.5, 8.0 and 8.5 separately for different assays), 0.5 mM M EDTA, 50 mM M NaCl, 5 mM M MgCl 2 , 5 mM M MnCl 2 and the appropriate Scheme 1. Enzymatic regulation of c-di-GMP concentration in a bacteria cell.
nucleotide substrate at a concentration of 150 lM M. A potential dependence from the metal cation concentration of the enzymatic activities of the fragments with both GGDEF and EAL motifs were controlled in the same buffer without MgCl 2 or MnCl 2 . In some cases, a double-concentrated standard buffer was used instead. The proteins were kept in the dark overnight before the enzymatic reaction was investigated, and the portion used for the light state activity was irradiated for 5 min in BL or white light before beginning the assays. The light was kept on during the whole process. The reactions were started by the addition of enzymes (different protein constructs with final concentration of 10 lM M) into two samples (one in the dark and one under BL irradiation). Both samples contained the same amounts of substrates and buffer. After a certain time period (0, 30, 60 min), 100 lL aliquots were withdrawn from the appropriate reaction. For the PDE assays, 5 lL CaCl 2 (200 mM M) was added to each aliquot to stop the reaction and the aliquots were placed in boiling water for 3 min. After centrifugation at 18 600 g for 10 min, the supernatants were filtered through a Microcon YM3 centrifugal concentrator (13 000 rpm, 1 h; Millipore, Billerica, MA, USA; MWCO 3000 Da), and the nucleotides were directly analyzed by reversed-phase HPLC (16) .
Binding assays. Binding of GTP to SL2 and binding of c-di-GMP to SL1 were tested in a microcalorimetry device (VP-ITC; MicroCal Northampton, MA). Concentrated solutions of GTP and c-di-GMP were titrated into the reservoir containing either SL2 or SL1. The principal set-up for isothermal titrations has been described recently (17) .
HPLC conditions. An identical amount of NAD + (300 lM M, 10 lL to each aliquots) was added as a reference. Ten lL of each sample was injected into a HPLC system (Shimadzu). Separation was performed with a reverse phase column (Phenomenex Luna 5 l C18 column, 125 · 4.6 mm) at a flow rate of 0.8 mL min )1 employing a gradient program described previously (18) . For quantification, a Shimadzu SPD 10AV detector was employed.
RESULTS

The proteins
The genome of S. elongatus PCC 7942 contains two open reading frames encoding potential BL-regulated GGDEF-EAL enzyme activities (Synpcc7942_0188 and Synpcc7942_1355). Synpcc7942_0188 codes for a protein (SL1) of 578 amino acids that shows a short N-terminal extension (aa 1-24), followed by a typical LOV domain (aa 25-139), a GGDEF (aa 155-276) and an EAL (aa 319-565) domain. The LOV domain (as that of SL2, vide infra) exhibits all salient features of these BL-sensing FMNbinding photoreceptors, including the adduct-forming cysteine (position 73), directly followed by one of two arginines (position 74) that establish electrostatic interaction with the phosphate group of the FMN chromophore (Fig. 1) . As mentioned in the Introduction, in at least one case (BphG1 from R. sphaeroides) truncated constructs had to be prepared to demonstrate lightregulated enzyme activity. Similar constructs were also made for the proteins investigated here: SL1 was generated as truncated protein, consisting only of the LOV-GGDEF domains (aa 1-314).
The domain structure of SL2 turned out to be more complex. Synpcc7942_1355 encodes a protein of 929 amino acids, consisting of a CheY-type response regulator (10) (aa 10-124), followed by two PAS domains (aa 137-360), before the above mentioned motif LOV-GGDEF-EAL is found. The full-length protein could not be expressed in soluble form, even if expression systems were changed and the expression parameters were varied. For that reason, two truncated constructs were generated, SL2-L (LOV-GGDEF-EAL, aa 368-929) and SL2-S (LOV-GGDEF, aa 368-660).
A comparison of the GGDEF and EAL domains of both proteins revealed for the two domains of SL1 deviations from the conserved sequence and a lack of amino acids essential for the enzymatic activity. In this protein, the GGDEF motif is strongly altered (HLNHHQF). In contrast, inspection of the SL2 sequence confirms its classification, showing a high degree of conservation for the essential amino acids (RIGGDEF at positions 575-581). A more detailed view on the EAL domains yields similar results, such that variations to the conserved sequence motifs are found for SL1, whereas for SL2 all amino acids essential for phosphodiesterase activity can be identified (Fig. 2 ).
Photochemistry and thermal recovery kinetics of the LOV domains
All three proteins, SL1, SL2L and SL2S (L,S, long, short constructs, respectively; see Fig. 1 ) showed a chromophoreto-protein ratio of close to one, the typical three peaked absorption spectrum (k max = 447 nm) of a LOV-domain protein and the known photochemistry (Fig. 3) : BL irradiation generated a hypsochromically shifted intermediate that reconverted thermally into the parent state. However, the recovery kinetics varied by more than a factor of 2. Whereas SL1 showed a fast dark recovery (s rec 284 s), the SL2S and the SL2L proteins returned slower to the dark state, irrespective of the extent of truncation: s rec = 608 s and s rec = 686 s, respectively. All measurements were performed at 293 K.
Enzymatic activity
In all cases, where soluble proteins could be obtained, enzyme activity assays were performed. However, even these soluble proteins showed only limited stability and in some cases started to aggregate within 1 h at room temperature. Figure 2 . Sequence alignment of EAL domains from S. elongatus (this work) to the EAL domain from PdeA1 of Gluconacetobacter xylinus. PdeA1 has an enzymatically active EAL domain. The multiple alignment was generated using Clustal W 2 (EMBL-EBI). Residues identical in more than 80% of active EAL domains are marked in yellow; residues conserved in all active EAL domains are marked with red asterisks in the consensus line. Positions with similar residues in all active EAL domains are marked in gray (16) . GGDEF assays were performed under various conditions following published protocols (see Materials and Methods). Assays were always performed at two different pH values, 7.5 and 8.5, respectively, and were repeated several times. In some cases, a double concentrated buffer was used that seemed to improve the stability of the protein in this experiment. However, even after changing the assay conditions, no c-di-GMP formation could be observed (see HPLC analyses and comparison to references compounds, Fig. 4) .
No phosphodiesterase activity could be detected for the fulllength protein SL1, even when several experimental parameters were changed. When the SL2L construct was investigated, no enzymatic activity was observed at pH 7.5 (even with the presence of Mg 2+ and Mn 2+ ions, as was reported for other proteins of this type). However, when the pH-value was adjusted to 8.5 in the presence of Mg 2+ and Mn 2+ ions, c-di-GMP hydrolysis could be determined, and this activity could be increased by BL (Fig. 4 and Table 1 ).
For several enzymes showing these sequence motifs, an effect of GTP-or c-di-GMP addition has been reported. We investigated a potential binding of these two compounds (GTP to SL2 and c-di-GMP to SL1) by microcalorimetry titrations (see Materials and Methods section), but did not find significant binding.
DISCUSSION
Cyclic-di-GMP is an important prokaryotic second messenger involved in the regulation of cellular functions, such as biofilm formation, motility and virulence. Up to now, this signaling molecule is only known to be present in bacteria but not in eukaryotes or archaea (12, 13) .
Our data presented here link a LOV-domain-mediated, BLsensing to the intracellular regulation of this bacterial second messenger. The LOV domains of both proteins exhibit fairly rapid dark recovery processes in comparison with most other prokaryotic LOV domains which probably explains the relatively low increase in enzyme activity upon irradiation: even though an overall conversion into the light state of more than 50% can be achieved for all molecules in a given experiment, each single molecule has a relatively limited time to remain in the lit state before it is converted back into the dark state (and will be photo-activated again). Accordingly, one might assume a higher enzymatic activity in a hypothetical pure (100%) light state.
It should also be noticed that SL2 shows a c-di-GMP hydrolysis activity already in the dark that is doubled upon illumination. This allows assuming contributions of additional regulatory factors, similar as for the GGDEF domains, which could not be activated by illumination. This finding is in line with literature reports that demonstrate the presence of an inactive GGDEF domain being essential for an EAL domain to achieve its enzymatic activity (19) . The full-length SL2 protein carries at its N-terminal end a CheY type response regulator and another PAS domain, although no obvious cofactor-binding motif is found for the latter. Receptors for the detection of environmental stimuli are often organized in signaling complexes (e.g. the ''stressosome'' of Bacillus subtilis [20] ). One might thus propose that these two proteins interact with other receptors via their GGDEF domains. In addition, one should keep in mind that PAS domains quite frequently are found as dimerization ⁄ oligomerization motifs in multimeric complexes, allowing a crosstalk between various receptors and an integration of various external stimuli (21) . The SL1 protein might have different functions rather than directly controlling the concentration of c-di-GMP. There are indeed many GGDEF ⁄ EAL proteins that show other functions, as, e.g. LapD and YcgF (22, 23) . LapD from Pseudomonas fluorescens has a degenerate EAL domain, which is not active in PDEA function, but can bind c-di-GMP and trigger Table 1 . Given are the peak integrals (mVAEmin). The amount of NAD + was used as a reference to compare other compounds in different samples. 0 min is the starting point of the assay. Two different assays were performed in parallel, one in dark and the other under blue light (BL). After 30 min, the sample under BL and half of the sample in dark were withdrawn from the reaction and stopped. The other half of the sample from dark incubation was then given BL for another 20 min.
an inside-out signaling pathway to regulate the function of LapD at its periplasmic part. This periplasmic part is a HAMP domain that has been demonstrated to modulate biofilm formation (23) . A similarly interesting protein is YcgF from E. coli: this protein has an N-terminal photochemically active, BL-sensing BLUF domain and a C-terminal EAL domain, which shows no PDEA activity. It has been proven that YcgF can interact under BL with the MerR-like repressor YcgE and can release YcgE from its operator DNA. This in turn activates a regulon responsible for biofilm formation under cold or starvation conditions (22) . Whereas YcgF does not show PDEA activity, but is involved in the regulation of DNA transcription (24) , its ortholog from Klebsiella pneumoniae (BlrP1) exhibited a light-induced increase of its enzymatic activity (25) .
Some more cases reported in the literature for partial or complete loss of function for either of the GGDEF or EAL domains should be presented here to emphasize the functional variability to similar proteins. GGDEF and EAL domains are often present together in one protein, and normally only one activity (DGC or PDEA) prevails; however, the inactive domain is essential for the activity of the active domain (19) . A well-studied case is the GGDEF-EAL composite protein CC3396 from Caulobacter crescentus that has both domains in tandem; however, the second glycine in its GG(D ⁄ E)EF motif has been replaced by a glutamic acid. Thus, CC3396 cannot perform the DGC function, but its GGDEF domain has conserved its GTPbinding capacity, thus activating the EAL domain through lowering the K m of c-di-GMP (11, 25, 26) . A similarly unexpected function shows BphG1 from R. sphaeroides with both a GGDEF and an EAL domain (see above). This protein also possesses an N-terminal light-sensing phytochrome domain, and together with its GGDEF and EAL domains, it joins detection of red light to the regulation of c-di-GMP concentration. BphG1 as full-length protein showed a lightindependent PDEA activity, but light-dependent regulation of the DGC function could only be demonstrated after the EAL domain was removed (14) .
GGDEF ⁄ EAL domain(s) often team up with other sensory or regulatory domains, such as GAF, PAS, HAMP, HTH (helix turn helix) motifs or the receiver domain from a response regulator. This indicates that the cellular c-di-GMP level may be regulated by many input signals, such as light, oxygen, redox potentials and phosphorylation of particular proteins (11) .
